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Colour vision tests for detection of glaucomatous damage frequently suffer from two problems: most 
tests are confined to foveal vision, whereas defects tend to appear first extrafoveally; and the modulation 
directions in colour space are not optimal. This paper deals with peripheral testing d la Yu, Falcao-Reis, 
Spileers and Arden [(1991) Investigative Ophthalmology and Visual Science, 32, 2779-2789], and 
investigates whether there are modulation directions that show preferential sensitivity reduction in 
glaucoma. In 14 eyes with early glaucoma, 17 risk eyes and 10 normals, 12 deg peripheral colour contrast 
thresholds were determined for L, M, S, L -- M and L + M test directions. Threshold elevations were 
correlated in all test directions, with S modulation yielding the largest elevations. 
Colour contrast Peripheral vision Glaucoma 
INTRODUCTION 
Functional defects resulting from retinal cell damage 
develop in early stages of glaucoma. Much effort is 
invested to determine whether there are functional 
channels that are relatively more susceptible to damage. 
It is widely accepted that colour vision is diminished in 
glaucoma (Drance, Lakowski, Schulzer & Douglas, 1981; 
Adams, Rodic, Husted & Stamper, 1982; Flammer & 
Drance, 1984; Hart & Gordon, 1984; Sample, Weinreb & 
Boynton, 1986; Sample & Weinreb, 1990; de Jong, 
Snepvangers & van den Berg, 1990; Hart, Silverman, 
Trick, Nesher & Gordon, 1990; Giindiiz, Arden, Perry, 
Weinstein & Hitchings, 1988; Yu, Falcao-Reis, Spileers & 
Arden, 1991; Johnson, Adams, Casson & Brandt, 1993; 
Greenstein, Shapiro, Hood & Zaidi, 1993). Nonetheless 
it is unclear whether early deficiencies occur preferentially 
in one or other channel, resulting from specific ell types 
being more susceptible. Some reports however, do 
indicate arelatively more pronounced reduction along the 
tritan axis, presumably corresponding to the S-cone 
system (e.g. Giindiiz et al., 1988; Greenstein et al., 1993). 
This would be in accordance with results from 
blue-on-yellow perimetry, which show that visual field 
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defects precede defects in standard luminance perimetry 
when assessed via the S cone system (Hart et al., 1990; de 
Jong et al., 1990; Sample & Weinreb, 1990; Johnson et al., 
1993). If early damage indeed occurs preferentially in
some channel, colour vision testing in glaucoma could be 
optimized by an appropriate choice of test colours, 
corresponding to specific stimulation of that channel. 
The applicability of conventional colour vision tests in 
the diagnosis of glaucoma is hampered by the fact that 
most ests assess foveal performance (Giindiiz et al., 1988; 
Drance et al., 1981; Adams et al., 1982; Flammer & 
Drance, 1984; Greenstein et al., 1993), whereas early 
glaucomatous damage occurs in peripheral parts of the 
visual field (e.g. Heijl & Lundqvist, 1984). Assessing 
peripheral colour vision would therefore be more suitable, 
like for instance, in colour perimetry (Hart & Gordon, 
1984; Hart et al., 1990; de Jong et al., 1990; Sample & 
Weinreb, 1990; Johnson et al., 1993). 
Furthermore, the use of protan, deutan and tritan 
confusion pairs might be improper. Usually, these are 
employed to reveal (mostly inherited) colour vision 
defects due to major impairment or total absence of one 
of the photoreceptor types. Early glaucomatous colour 
vision deficiencies, on the contrary, are expected to be 
small deviations from normal colour vision, and will 
therefore yield small trichromatic anomalies. Then, 
determining colour discrimination performance along 
equiluminant confusion axes generally ields modulation 
of all cone types together. An alternative, better method 
to assess possible specific loss would be to test along axes 
that are unique cone directions for the normal observer. 
(Consequently, this would yield a non-equiluminant test.) 
However, testing in second stage cardinal directions 
would be even more appropriate, as it is presumably the 
1791 
1792 JOOST FELIUS et al. 
axons of the retinal ganglion cells that are affected in early 
glaucoma. 
Recently, Yu et al. (1991) developed a quick test for 
extrafoveal colour vision, in which equiluminant colour 
contrast thresholds are determined along protan, deutan 
and tritan colour confusion axes for a 12 deg ring, thus 
selecting the part of the visual field known to reveal early 
functional defects in glaucoma. They found colour 
contrast defects along all three confusion lines. 
In the present study a similar test paradigm was 
employed, but thresholds were determined for modu- 
lation in unique cone directions, as well as in directions 
that prefer mediation by the second stage luminance and 
colour-opponent channels. Also, colour contrast 
thresholds were determined for protan, deutan and tritan 
confusion pairs as used by Yu et al. (1991) to allow 
comparison of the results of both studies. 
METHODS 
Apparatus 
All stimuli were generated by a Venus 1020 visual 
stimulator (Neuroscientific, U.S.A.) and presented on a 
colour monitor screen (Barco, Belgium). Manufacturer's 
specifications of the chromaticity coordinates of the 
phosphors were verified with a Tektronix J 17 Lumacolor 
photometer and a J1820 chromaticity probe (Tektronix, 
U.S.A.). 
Modulation directions in colour-space 
Colour pairs were chosen to differ from each other in 
the responses of only one or two cone types. Cone 
fundamentals from Smith and Pokorny (1972) were used. 
Thus, contrast thresholds were determined for the L, M, 
S, L - M and L + M directions in colour space, where L, 
M and S are the directions in which the long-, middle- and 
short-wavelength sensitive cones respectively, are 
uniquely modulated. The L - M colour pairs presumably 
stimulate the red/green colour opponent channel only. 
L + M colour pairs were applied to test the luminance 
channel, but note that they also stimulate the blue/yellow 
colour-opponent S -  (L + M) channel. (We return to 
this point in the Discussion.) Note furthermore, that most 
stimuli are not equiluminant. 
All test pairs were centred around an equal-energy 
white, CIE chromaticity coordinates x = 0.333, 
y = 0.327, and luminance 30.0 cd.m- 2. The appropriate 
colour coordinates were calculated with the inverse of the 
conversion formulas from Wyszecki and Stiles (1982): 
k(2) = 2.94l(2) -- 3.50m(2) + 26.4s(2) 
j~(2) = 1.00l(2)+ 1.00m(2) 
3(2) = 124.8s(2) 
which convert from cone fundamentals l, m and s to CIE 
colour matching functions 2, 37 and ~, and 
X = k Sd2 P(2)5c(2) etc. 
with P(2) the spectral radiant power of the stimulus, and 
k = 683 lm.W -~ the maximum photopic luminous 
efficacy. The corresponding chromaticity coordinates are 
given in Table 1. Values in Table 1 correspond to the 
initial colour pairs, that were maximally different within 
the range of the monitor. 
In addition, we used protan (P), deutan (D) and tritan 
(T) colour pairs similar to Yu et al. (1991). Table 1 gives 
their chromaticity coordinates. 
Procedure 
Subjects had their heads on a chin rest and viewed the 
display monocularly from a distance of 38 cm. Fixation 
marks indicated the centre of the display. Subjects were 
near corrected if necessary, and watched with natural 
pupils. 
Like Yu et al. (1991), a heterochromatic flicker 
photometric match was made for each of the P, D and T 
colour pairs, for all eyes. In a 1 deg wide ring, inner radius 
12 deg, the two colours of one pair were alternated at a 
rate of 19 Hz, for 2 sec intervals. Between intervals the 
intensity of one of the colours was adjusted, while the 
intensity of the other colour was kept constant. Subjects 
were asked to indicate minimal flicker. These match 
values were employed to make the stimuli in the 
TABLE 1. Initial values of CIE chromaticity coordinates and luminances of ring and surround used 
for P, D, T, L, M, S, L - M and L + M modulation 
Ring Surround 
Luminance Luminance 
x y (cd.m 2) x y (cd.m 2) 
Confusion lines 
P 0.347 0.484 31.2 0.511 0.390 30.0 
D 0.434 0.299 27.7 0.312 0.370 30.0 
T 0.444 0.446 32.6 0.302 0.223 30.0 
Test directions in L ,M,S  space 
L 0.406 0.314 35.0 0.219 0.347 25.0 
M 0.237 0.391 33.0 0.413 0.272 27.0 
S 0.292 0.243 30.0 0.416 0.501 30.0 
L -- M 0.413 0.288 30.0 0.227 0.379 30.0 
L + M 0.369 0.402 54.9 0.227 0.109 5.1 
The luminance values of the P, D and T stimuli differ between subjects as a result of the individual 
brightness matches. Values given here are averaged over all subjects. 
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FIGURE 1. Illustration of the procedure. 
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subsequent D and T colour contrast measurements 
equiluminant. The average luminance ratios were 
1.04 + 0.02 for the P direction (+ 1 SEM), 0.93 _ 0.02 for 
the D direction and 1.07 _ 0.03 for the T direction. The 
P, D and T heterochromatic match values did not differ 
between the subject groups. For the other test directions 
no brightness matches were made. 
For L, M, S, L - M and L + M, as well as for P, D and 
T colour pairs, peripheral contrast thresholds were 
determined. Thresholds were determined using the 
following strategy (cf. Yu et al., 1991). The same 12 deg 
ring was filled with one colour of the pair, while the other 
colour filled the surround. The ring was presented for 
2.5 sec intervals in a 4 Hz flashed manner (40% duticycle), 
with one randomly chosen octant missing (upper-right, 
lower-right, lower-left or upper-left). Subjects were 
instructed to indicate after each interval which part of the 
ring had been missing (four-alternative forced-choice). In 
the next interval the colour contrast was decreased or 
increased in accordance to a correct or false response, by 
moving the colours of ring and surround towards or away 
from each other respectively, in colour space. Figure 1 
gives a schematic view of the procedure. A staircase 
technique was applied to reach threshold. 
Note here that there is a considerable asymmetry 
between stimulus area of ring and surround. Therefore 
the results of the test could be influenced by the choice of 
which colour filled the ring and which filled the surround. 
It was not expected to have an effect on the results though, 
as presumably the detection of contrast predominantly 
depends on local features, and furthermore because at 
threshold the colour differences between ring and 
surround are quite small. The effect of interchanging ring 
and surround colours was examined in one normal 
observer for S, L + M and L - M test pairs. Contrast 
threshold was determined for each pair four times for 
both combinations of ring and surround, with 
measurements randomly mixed. Results were (aver- 
age + SEM) -0 .84 _ 0.03 log for the S direction vs 
-0 .80 _+ 0.06 log for the opposite pair; -1 .80 _ 0.04 log 
for the L + M direction vs -1 .84 ___ 0.05 log for the 
opposite pair; and -136_  0.02log for the L -M 
direction vs - 1.37 ___ 0.02 log for the opposite pair. None 
of the differences resulting from interchanging the ring 
and surround colours were found significant (Student's 
t-test). No measures were made to reduce chromatic 
aberration. 
Subjects 
Subjects were either normals or patients of the 
glaucoma centre in our clinic. The patient group was 
divided into a risk group and an early glaucoma group. 
In the risk group 17 eyes were examined 
(age _ SD = 57.0 ___ 9.7 yr), which were either ocular 
hypertensive or glaucoma suspect (GS). The ocular 
hypertensives had an intraocular pressure above 
21 mmHg (before medication); normal optic disk; and no 
reproducible visual field defects according to the criteria 
of Katz, Sommer, Gaasterland and Anderson (1991). The 
glaucoma suspect group met the same criteria, except for 
suspect cupping of the optic disk. The early glaucoma 
group (14 eyes; 62.7 ___ 8.3 yr of age) had suspect cupping 
of the optic disk and reproducible defects in the central 
30 deg of the visual field. 
Results were compared with those of a group of 10 
normal eyes (48.4 ___ 10.1 yr of age). 
To assess interindividual variation due to, e.g. 
preretinal spectral absorption, Yu et al. (1991) in a similar 
procedure investigated the variation in normals, 
especially along the tritan axis. They found no age effect. 
Therefore, possible yellowing of the eye lens with aging 
presumably has no significant effect in this experimental 
paradigm. Although mean age differences between our 
normals and both patient groups are statistically 
significant (Mann-Whitney at the 5% level), there were 
very few old eyes in this study (only one risk and one early 
glaucoma eye were over 70 yr of age). It was assumed, 
therefore, that age effects were negligible. Eyes with 
congenital colour vision defects were excluded. All 
subjects had Farnsworth-Munsell 100-hue error scores 
that were normal or only just outside normal limits 
according to Verriest, van Laethem and Uvijls (1982). 
RESULTS 
Contrast hresholds for all subjects in each of the L, M, 
S, L - M and L + M modulation directions are shown in 
Fig. 2. The configuration of the axes in this figure 
emphasizes the interconnection f the five directions in 
the L,M,S colour space. The L and M axes are at right 
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F IGURE 2. Overview of the results. Lines connect L, L + M, M, L - M and S thresholds that were obtained for each eye. Data 
are plotted relative to the average of the normal group on log axes. 
angles. The L + M and L - M directions are in the L,M 
plane at 45deg with the L and M axes, and are 
also perpendicular to each other. The S-axis should be 
imagined to be perpendicular to the L,M plane. For 
fair comparison of threshold values, logarithmic scales 
were chosen. All data are plotted relative to the 
average of the normal group (log threshold el- 
evation = 0). Average normal thresholds are presented in
Table 2, expressed as 
, r l i . -  isl  
log contrast = log~ ~RR 7 IS J 
where IR and Is are the stimulation intensities of the ring 
and surround, respectively, measured inthe test direction. 
Figure 2 shows that threshold elevations are found in both 
risk and glaucoma groups in all test directions. None of 
the directions yields results that differ much from the 
other directions. 
TABLE 2. Average normal values of log threshold contrast for the L, 
M, S, L -  M and L + M tests 
Test direction Average log contrast (+  1 SD) 
L -1 .73  _+ 0.16 
M - 1.40 + 0.15 
S -0 .77  _+ 0.19 
L -  M -1 .21 _+ 0.13 
L + M -1.80_+ 0.10 
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FIGURE 3. Cross tabulation-like presentation f the results. For each eye, each of the L, M, S, L + M and L - M thresholds 
is plotted against thresholds ofall other directions examined. [] normals; + risk eyes; • early glaucoma eyes. Solid lines are 
fit to the data by Standard Major Axis regression. The figures represent the slope of the regression li es. *Significantly different 
from 1. 
Figure 3 shows all pair relations between the five 
directions. It must be noted here that data from the three 
groups are taken together in the analysis. It was our 
intention to assess possible differences in test directions in 
colour space; not to assess differences among subject 
groups. In fact, the division of subjects into three groups 
can be somewhat misleading: part of the glaucoma 
suspect or ocular hypertensive population belongs to the 
normal population; and filrthermore, arly glaucomatous 
eyes possibly still have large parts of the retina functioning 
normally. Therefore, the division in this study is meant 
only to serve as a guideline to identify roughly where a 
particular subject is on the continuous cale from normal 
to glaucoma. 
The solid lines in Fig. 3 are obtained by Standard Major 
Axis regression [slope calculated as ~/(SSy/SSx) (see e.g. 
Hofman, Laan & Uylings, 1986)], after an F-test on mean 
squares regression and residue for each of the regression 
lines was performed to confirm the existence of any 
significant linear relation (all P < 0.01). A Bartlett est on 
homogeneity of variances showed that differences 
between the five test directions exist (X 2 = 11.5, P = 0.02). 
F-Tests on equality of variances revealed that the slopes 
of the L vs S, M vs S and L - M vs S regression lines differ 
significantly from unity (all P < 0.03). Also in compari- 
son with the L + M data, the S direction seems to yield 
a larger variance, although not statistically significant. 
To compare the data with results of Yu et al. (1991), 
the equiluminant P, D and T colour contrast hresholds 
are plotted in Fig. 4 vs L, M and S data respectively. All 
values are relative to the average of the normal group. The 
correlations are significant: r = 0.69 for P vs L, r = 0.72 
for D vs M and r = 0.67 for T vs S (all P < 0.001). The 
slopes of the regression lines drawn in Fig. 4(a-c), are 
1.13, 1.16 and 0.76 respectively. Only the slope of the T 
vs S relation deviates significantly from 1, but this is 
probably due to two or three outliers in the data set [see 
Fig. 4(c)]. 
DISCUSSION 
In the present study, 12deg parafoveal colour 
discrimination was examined in test directions that are 
thought o either uniquely modulate the response of one 
of the receptor types (L, M or S cones), or presumably are 
mediated by one of the higher stage colour mechanisms 
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FIGURE 4. For each eye: (a) P threshold vs L threshold; (b) D threshold 
vs M threshold; (c) T threshold vs S threshold. [] normals; + risk eyes; 
• early glaucoma eyes. Solid lines are fit to the data by Standard Major 
Axis regression. 
(Krauskopf, Williams & Heeley, 1982), i.e. red/green 
(L - M) or blue/yellow [S - (L + M)] colour-opponent 
systems, or the luminance system. In examining the 
luminance system, the test direction was chosen 
perpendicular to the equiluminant plane defined by 
L + M = constant. Note however that he L + M stimuli 
also modulate the blue/yellow S -  (L + M) system. A 
comparison of the average normal L + M threshold 
(-1.791og) with the S threshold (-2.991og), both 
expressed in S - (L + M) contrast units, revealed that 
modulation of the blue/yellow system by the L + M 
stimuli was about 1.2 log below threshold in normals. It 
was assumed therefore that the L + M results represent 
luminance thresholds. In future studies it would be 
preferable however to use achromatic L + M -t- S stimuli 
instead of L + M stimuli, thus excluding the possibility of 
intrusion of the blue/yellow mechanism. 
Deviations from normal were found in all five 
modulation directions, both in the risk and in the early 
glaucoma groups (Fig. 2), with abnormalities in the S 
direction more pronounced than those in the other test 
directions (Fig. 3). From Figs 2 and 3 it may be concluded 
that reductions in S-cone contrast sensitivity are nearly 
always accompanied by(smaller) reductions insensitivity 
in the other directions. One must distinguish here between 
cone directions and second stage (or ganglion cell) 
cardinal directions. As glaucoma in its early stages is 
believed to affect the axons of the ganglion cells, any 
preferred amage to one of the higher stage mechanisms 
will involve two or three cone types. Note that the three 
presumed second mechanisms all receive input from the 
L- and M-cones, and that the S-cones input to both the 
blue/yellow and the achromatic mechanism. So, the 
simultaneous threshold elevations in L, M and S 
directions are not surprising. Comparison of the results 
should be limited therefore to the thresholds in second 
stage cardinal directions alone (or, alternatively but less 
preferably, to thresholds in cone directions alone). It is 
found then that thresholds of the blue/yellow mechanism 
are more elevated than those of the red/green and 
luminance mechanisms. 
When comparing the results obtained in the cone 
directions with those from the classical confusion axes 
(Fig. 4), it must be realized, again, that testing along 
equiluminant confusion axes brings about modulation of 
several cone types, and consequently of all second stage 
mechanisms (except he luminance mechanism, for the 
tests were made equiluminant). The rather uniform 
threshold elevations in the L, M and S directions, were 
therefore also found in the P, D and T directions. 
The small but significant preference of threshold 
elevation in the S direction corresponds well with results 
from blue-on-yellow perimetry cited in the Introduction, 
in which the visual field is assessed via the S-cones, and 
threshold is presumably determined by the blue/yellow 
mechanism. The adaptation conditions in blue-on-yellow 
perimetry (strong yellow background field) are rather 
different from those used in the present study. It must be 
realized however, that this steady-state adaptation 
probably largely takes place at the cone site. Effects on the 
sensitivity of the higher stage mechanisms are not known. 
The peripheral colour contrast testing as it now stands 
(Yu et al., 1991) is quick, and focuses on an important 
part of the visual field in view of early glaucomatous 
damage. It could become an even more valuable test for 
screening if the test colours were adjusted in order to 
examine the blue/yellow and red/green colour-opponent 
mechanisms more selectively. Also, the results could be 
brought more easily into relation then with e.g. 
blue-on-yellow visual fields. 
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